Chorismate mutase from Streptomyces aureofaciens was purified 12-fold. This enzyme preparation did not show any activity when tested for anthranilate synthetase, prephenate dehydrogenase, or prephenate dehydratase. The catalytic activity of chorismate mutase has a broad optimum between pH 7 and 8. The initial velocity data followed regular Michaelis-Menten kinetics with a K. of 5.3 x 10-I M, and the molecular weight of the enzyme was determined by sucrose gradient centrifugation to be 50,000. Heat inactivation of chorismate mutase, which occurs above temperatures of 60 C, is reversible. The enzyme activity can be restored even when chorismate mutase is treated at the temperature of a boiling-water bath for 15 min. Heat-denatured and renatured enzymes showed the same Michaelis constant and the same molecular weight as the native enzyme. L-Phenylalanine, L-tyrosine, L-tryptophan, and metabolites of the aromatic amino acid pathway were tested as potential modifiers of chorismate mutase activity. The activity of the enzyme was inhibited by none of these substances. Chorismate mutase of S. aureofaciens was not repressed in cells grown in minimal medium supplemented with L-phenylalanine, L-tyrosine, or L-tryptophan.
L-tryptophan.
Enzymological comparison of enzyme systems catalyzing identical sequences of biochemical reactions in a variety of microorganisms has shown a remarkable diversity. The regulation in branched biosynthetic pathways is complex. In most cases the first enzyme of the pathway and the first enzymes after branching points are regulated by feedback inhibitors. The biochemical route of synthesis of aromatic amino acids illustrates such a branching pathway (4, 6, 13) . The main branching point in the biosynthesis of aromatic amino acids is the position of chorismic acid. This intermediate serves both as substrate for anthranilate synthetase (the first enzyme of the tryptophan pathway) and as substrate for the production of prephenate (the common precursor for the biosynthesis of phenylalanine and tyrosine) from chorismate ( Fig. 1) . Chorismate mutase, the first enzyme of the terminal biosynthesis of phenylalanine and tyrosine, has been studied in a variety of organisms (1, 2, 8, 14, 19, (21) (22) (23) . This paper diescribes the properties of chorismate mutase from Streptomyces aureofaciens.
MATERIALS AND METHODS
Chemicals. The inorganic chemicals used were of analytical reagent grade. Glycerol, L-tryptophan, L- phenylalanine, L-tyrosine, L-histidine, anthranilic acid, and sucrose for density gradient centrifugation were obtained from Merck, Darmstadt, Germany. Phenylpyruvic acid and p-hydroxy-phenylpyruvic acid were from Fluka, Buchs, Switzerland. Dithiothreitol (Cleland's reagent) was obtained from Calbiochem, Los Angeles, Calif.; shikimic acid was from Hedinger, Stuttgart, Germany; alumina powder (Alcoa 305; bacteriological grade) was from Alcoa Deutschland, Frankfurt, Germany; and Sephadex G 200 was from Pharmacia, Uppsala, Sweden. Disodium salt of ethylenediaminetetraacetate (EDTA) was obtained from Riedel de Haen, Hannover, Germany; nicotinamide adenine dinucleotide (free acid) was from Boehringer, Mannheim, Germany; and L-glutamine was from Ajinomoto Co., Inc. Tokyo, Japan. Chorismic acid was isolated by the method of Gibson (5) . Prephenic acid was prepared as described by Lingens et al. (15) . The racemates of the 3-cis,4-trans-glycol and the 3-trans, 4-cis-glycol of 3, 4-transdihydroxy-cyclohexan-carboxylic acid (1) were synthesized by the method of Grewe et al. (9) , and the racemate of 4, 5-trans-dihydroxy-cyclohexen-l-carboxylic acid (1) For repression experiments, S. aureofaciens was grown in minimal medium on a rotary shaker at 29 C. After 48 h the cells were harvested at the exponential growth phase by centrifugation and incubated in minimal medium supplemented with 10-2 M Lphenylalanine, 10-3 M L-tyrosine, or 2 x 10-3 M L-tryptophan. Combinations of the three aromatic amino acids were also used. After 6 h cells were harvested by centrifugation, washed once with buffer A, and stored at -25 C.
Enzymatic tests. The activity of chorismate mutase was determined by estimating the prephenate formed from chorismate. The standard reaction mixture contained chorismate (0.35 gmol) and protein in a total volume of 1 ml of buffer B. After incubation at 30 C for 10 min, 0.5 ml of 2 N HCl was added and incubation was continued for another 10 min at 30 C. After the addition of 1 ml of 3 N NaOH, the absorbancy was measured at 320 nm. A molar absorbancy of 17,000 per cm was used (20) 
RESULTS
Properties of chorismate mutase. After chromatography on Sephadex G 200, chorismate mutase could be kept frozen in buffer B for at least 2 months without loss of activity, although some 30% of activity was lost due to freezing and thawing the enzyme solution. The 12-fold-purified extract of chorismate mutase showed no enzymatic activity when tested for prephenate dehydratase, prephenate dehydrogenase, and anthranilate synthetase. The enzyme displays uncomplicated reaction kinetics under the conditions of assay described. Within a limited range of enzyme concentration the reaction rate is a linear function of protein concentration. The constancy of the reaction rate is maintained for at least 12 min at 30 C.
The data relevant to the influence of hydrogen ion concentration upon chorismate mutase activity are shown in Fig. 2 . The activity shows a broad optimum between pH 7.0 and 8.2.
Effect of temperature on the activity and the stability of the enzyme. The influence of increasing temperature on the initial velocity of the enzymatic reaction is shown in Fig. 3a . The temperature optimum of the chorismate mutase reaction is 39 C. Figure 3b is a standard Arrhenius plot. The activation energy calculated from the negative slope has a value of 12,000 calories (about 5.2 x 104 joules) per mol. This agrees well with the value of 11,300 calories (about 5.7 x 101 joules) per mol reported for chorismate mutase of S. venezuelae (8) . The decrease of reaction velocity above temperatures of 39 C is not caused by heat inactivation of the enzyme, for the enzyme is stable in buffer B up to temperatures of 60 C. Only above this temperature does heat inactivation occur (Fig.  4) . Enzyme inactivated at temperatures above 60 C can be reactivated when incubated at 30 C. Chorismate mutase could be reactivated even when it was exposed to the temperature of a boiling-water bath. Figure 5 shows a reactivation experiment done with various concentrations of the enzyme. Since the velocity of renaturation is concentration dependent, it is assumed that chorismate mutase dissociates in inactive subunits at temperatures above 60 C. At 30 C these subunits reaggregate to the native enzyme.
Substrate saturation kinetics. The initial velocity of prephenate synthesis at various concentrations of chorismate follows regular Michaelis-Menten kinetics (Fig. 6a) . A Lineweaver Burk plot of these data yields a straight line. No deviation of linearity is detected and there is no kinetic evidence of cooperative subunit interaction (Fig. 6b) . The Michaelis con- (mM) shows no cooperative effect with respect to substrate concentration. The initial velocity data follow regular Michaelis-Menten kinetics with a Km of 5.3 x 10-4 M. The activation energy of the chorismate mutase reaction was determined to be 12,000 calories (about 5.2 x 10' joules)/mol and the molecular weight of the enzyme was found to be 50,000. These properties of chorismate mutase from S. aureofaciens are very similar to the properties of chorismate mutase from S. venezuelae (8) . A somewhat surprising property of chorismate mutase of S. aureofaciens is its remarkable heat stability. Influence of substrate analogues on the activity of the enzyme. To get some information about the substrate binding site of chorismate mutase, some compounds which show structural similarities to chorismic acid (I) were synthesized and tested as possible inhibitors of the enzymatic activity (Fig. 8) . The compounds tested were: the racemates of 3-cis, 4-transglycol and 3-trans,4-cis-glycol of 3,4-transdihydroxy-cyclohexan-carboxylic acid (1) (II), the racemate of 4, 5-trans-dihydroxy-cyclohexen-1-carboxylic acid (1) (III), and a-(3-carboxyphenoxy)-acrylic acid (IV). But none of these compounds influenced the activity of the enzyme even in concentrations of 2 Chorismate mutase of S. aureofaciens is not repressed in cells grown in minimal medium supplemented with phenylalanine, tyrosine, tryptophan, or combinations of the three aromatic amino acids. The enzyme therefore is synthesized constitutively or is already maximally repressed under the conditions described.
In S. aureofaciens the first enzyme of the terminal biosynthetic pathway of phenylalanine and tyrosine is not regulated by its end products, neither by feedback inhibition nor by repression. Concerning these findings and the properties of 3-deoxy-D-arabino-heptulosanate-7-phosphate synthase (7), the first enzyme of the basic aromatic biosynthetic pathway, it appears that the whole route of phenylalanine and tyrosine biosynthesis is not influenced by its end products in S. aureofaciens. The level of tryptophan concentration acts as the signal which increases or decreases the rate of synthesis of aromatic amino acids. For a detailed description of the carbon flow in the branched biosynthetic pathway, the regulation of anthranilate synthetase, the first enzyme of the terminal biosynthesis of tryptophan, must be studied. Chorismate mutase of S. aureofaciens resembles chorismate mutase of S. venezuelae in its molecular and regulatory properties (8) . The fact that neither enzyme is inhibited by phenylalanine or tyrosine is believed to be common to streptomycetes.
